Abstract The Mediterranean region is identified as one of the two main hot-spots of climate change and also known to have the highest concentration of cyclones in the world. These atmospheric features contribute significantly to the regional climate but they are not reproduced by the Atmosphere-Ocean General Circulation Models (AOGCM), due to their coarse horizontal resolution, which have recently been run in the frame of the 5th Climate Model Intercomparison Project. This article investigates the benefit of dynamically downscaling the Institut Pierre Simon Laplace (IPSL) AOGCM (IPSL-CM5) historical simulation by the weather and research forecasting (WRF) for the representation of the Mediterranean surface winds and cyclonic activity. Indeed, when considering IPSL-CM5 atmospheric fields, the dramatic underestimation of the cyclonic activity in the most cyclogenetic region of the world jeopardizes our ability to investigate in-depth the Mediterranean regional climate and trend in the context of global change. The WRF model shows remarkable skill to reproduce regional cyclogenesis. Indeed, cyclones occurrence is quasi-absent in IPSL-CM5 data but when applying dynamical downscaling their spatial-temporal variability is very close to the re-analysis. This is a clear benefit of dynamical downscaling in regions of strong topographic forcing. This ''steady'' source of forcing allows the production of lee cyclogenesis and the development of strong cyclones, whatever the quality of the large-scale circulation provided at the WRF's boundaries by IPSL-CM5. However, dynamical downscaling still presents disadvantages as for instance the fact that large-scale inaccurate features of the IPSL-CM5 regional circulation are replicated by WRF due to the boundary controlled (small domain) simulation. The advantages and disadvantages of dynamical downscaling are thoroughly discussed in this paper revealing its importance for climate research, especially in the context of future scenarios and wind impacts.
Introduction
The Mediterranean basin is characterized by a nearly enclosed sea surrounded by very urbanized littorals and mountains, and is a sharp transitional zone between the semi-arid subtropics and mid-latitude regions. The Mediterranean basin is identified as one of the two main hot-spots of climate change, meaning that its climate is especially responsive to global change (Giorgi 2006) . The Atmosphere-Ocean General Circulation Models (AOGCM) runs during the third Climate Model Intercomparison Project (CMIP3) are all consistent over the Mediterranean region and predict less annual rainfall and higher seasonal variability (Giorgi 2006) with an expected huge impact on the large population living on the coasts of the Mediterranean Sea (about 135 million inhabitants).
The Mediterranean is the region with the highest concentration of cyclones in the world, which thus largely control the regional climate and its variability (Petterssen 1956 ). The highest densities of cyclones are over the Genoa region, the Adriatic Sea, the Aegean Sea and the Saharan desert (e.g. Maheras et al. 2001; Musculus and Jacob 2005) . These cyclones can display characteristics similar to tropical cyclones (Fita et al. 2007 ). The processes causing cyclogenesis in the region are numerous. Large scale precursors such as the North Atlantic Oscillation (NAO) or upper-level anomalies over the Atlantic Ocean (Trigo et al. 2002; Nasr-Esfahany et al. 2011) can trigger Mediterranean cyclones. However, the strongest events are generated by the interaction between the atmospheric flow and the orography (e.g. Buzzi et al. 2003) . In addition, the Mediterranean Sea acts as a moisture and heat reservoir which provides the energetic fuel to maintain and reinforce the cyclones (Lebeaupin et al. 2006; Lagouvardos et al. 2007 ). Typical regional winds are associated with the cyclonic activity (e.g. Zecchetto and Biasio 2007; Salameh et al. 2010) . The Mistral and tramontane blow over the sea after being channeled in the Aude and Rhône valleys in Southern France (Drobinski et al. 2001 (Drobinski et al. , 2005 . Mistral and tramontane flows can reach the African coasts (e.g. Salameh et al. 2007 ) and contribute to evaporation intensification and sea surface cooling (e.g. Lebeaupin-Brossier and Drobinski 2009 ). The Bora is a northern katabatic wind blowing from the Alps over the Adriatic Sea (Pirazzoli and Tomasin 2003) and the Etesian is also a northern wind originating from the Balkans and blowing over the Aegean Sea between Turkey and Greece. The Etesian is known to have a seasonal cycle being stronger during summer, strongly influenced by the synoptic scale atmospheric conditions and the Indian monsoon onset (Poupkou et al. 2010) .
The evolution of the cyclonic activity in the Mediterranean region in the context of global climate change is a key issue (Ulbrich et al. 2009 ), still largely debated (Lionello et al. 2007) with however some consensus on the fact that cyclone occurrence should weaken, leading to rainfall decline in the Mediterranean basin (Trigo et al. 2000) , and their severity should increase, leading to extreme rainfall increase Gaertner et al. 2007 ). However, simulating the evolution of future climate relies on AOGCMs which are run at horizontal resolution typically ranging between 2°and 3°l ongitude-latitude. This is a too coarse resolution to account for the specific impact of Mediterranean cyclones on the regional climate. There is thus a crucial need for using downscaling techniques that allow the representation of the finer scale processes and cyclones and their impact on the regional climate, its variability and trend. Downscaling is the process of deriving regional climate information based on large-scale climate conditions. Such an issue is a key aspect of the Coordinated Regional Downscaling Experiment (CORDEX; Giorgi et al. 2006 ) and its Mediterranean declination (MED-CORDEX; Ruti et al. 2012 ) and the Hydrological cycle in Mediterranean Experiment (HyMeX; Drobinski et al. 2009a Drobinski et al. , b, 2010 Drobinski et al. , 2011a . Among the downscaling techniques, statistical and dynamical methods are the most widely used (e.g. Salameh et al. 2009; Lavaysse et al. 2011; Vrac et al. 2011) . Statistical downscaling models consist in obtaining high-resolution climate data from GCMs by deriving statistical relationships between observed smallscale variables (often station level). Statistical downscaling may be used whenever suitable small-scale observed data are available to derive the statistical relationships. Dynamical downscaling consists in driving a regional climate model (RCM) by a GCM over an area of interest since decreasing grid spacing generally improves the realism of the results.
In this study, dynamical downscaling is applied to the CMIP5 historical simulation of the Institute Pierre Simon Laplace (IPSL) AOGCM (IPSL-CM5). We give special attention to the seasonal concentration of cyclogenesis and to the near-surface wind variability. For this reason, the dynamical downscaling of the IPSL-CM5 simulation is compared with the dynamical downscaling of the ERAInterim re-analysis which is also used as a reference. The objective of this paper is to assess the RCM capacity (1) to realistically downscale the large resolution datasets of an AOGCM in the Mediterranean basin and (2) to capture the climatology of cyclogenesis and wind variability in the region. Complex orography is highly responsible for cyclogenesis in the Mediterranean basin while synoptic scale meteorology is important for the regional winds circulation. Consequently, after being forced by very long AOGCM simulations, the ability of a RCM to capture cyclogenesis and wind dynamics is of great importance for studying and analyzing high impact weather in the Mediterranean, especially in the context of future climate scenarios where no observations are available.
After the introduction, Sect. 2 describes the models and the re-analysis used in this study. Section 3 and 4 present the results of dynamical downscaling of the IPSL-CM5 on the surface winds and on cyclogenesis, respectively. Section 5 discusses the results, while Sect. 6 provides a summary and proposes some perspectives and open questions to be addressed in future work.
Models and methodology

Models
The driving fields provided as initial and boundary conditions of the RCM are the 6-hourly meteorological fields from the ERA-Interim (ERA-I) re-analysis and the CMIP5 historical simulations performed with the IPSL-CM5 GCM. The ERA-interim re-analysis of the European Centre for Medium-Range Weather Forecasts (ECMWF) has a 0.75°horizontal resolution in longitude and latitude (Dee and Uppala 2009) . The IPSL-CM5 GCM is composed of the LMDz atmospheric model (Hourdin et al. 2006) , the ORCHIDEE land surface model (Krinner et al. 2005) , the oceanic OPA system (Madec et al. 1997 ) and the LIM sea-ice model (Fichefet and Morales-Maqueda 1999) . A detailed description can be found in Marti et al. (2010) . In this study we use the 6-hourly meteorological fields from the historical simulations performed over 1850-2005. The LMDz physics schemes are described in Hourdin et al. (2012) and the horizontal resolution of the simulation is 3.75°in longitude and 1.875°in latitude.
The model used to downscale the CMIP5 historical runs in the framework of MED-CORDEX and HyMeX is the MORCE platform (Model of the Regional Coupled Earth System; see Drobinski et al. 2011b ) developed at IPSL in collaBoration with ENSTA-ParisTech, LOPB and CERF-ACS and which includes the non-hydrostatic Weather and Research Forecasting (WRF) model and the NEMO ocean model. Coupled and non-coupled simulations have been performed. In this study, only the non-coupled simulations using WRF will be analyzed.
In detail, WRF version 3.1 (Skamarock and Klemp 2008a) has been used as the RCM over the domain shown in Fig. 1 . Initial conditions are provided for January 1st, 1989 and the time interval for the boundary conditions is 6 h. In the vertical, 28 unevenly spaced levels are used and the atmosphere top is at 50 hPa. The horizontal resolution is 50 km. The sea surface temperature (SST) is provided from the ERA-interim and the IPSL-CM5 GCM. The geographical data are from 5 min resolution United States Geophysical Survey data. Soil type is based on a combination of the 10-min 17-category United Nations Food and Agriculture Organization soil data and U.S. State Soil Geographic 10-min soil data. Initial conditions on soil temperature and moisture are set to a seasonal default value for the five layer thermal diffusing land surface model. A complete set of physics parameterizations is used: Kain and Fritsch, for the cumulus parametrization (Kain 2004) ; the YSU PBL scheme (Hong and Pan 1996) ; RRTMG for the longwave and shortwave radiation schemes (Mlawer et al. 1997) . More details on the schemes can be found in Skamarock et al. (2008b) . The WRF simulation has been relaxed towards the ERA-I or IPSL-CM5 large scale fields with a nudging time of 6 h (Salameh et al. 2010 ). The WRF simulations have been performed over 17 years from 1989 to 2005.
Methodology
Orographic forcing is one of the most important contributors to the occurrence of cyclogenesis in the Mediterranean basin. Figure 1 shows the effect of the model horizontal resolution on the orographic features and the coastline, as represented by the re-analysis, the WRF and the IPSL-CM5 models.
To analyse the wind steering of surface winds and the cyclonic activity in the Mediterranean region, we use respectively the 10-m and the 850 hPa wind fields. The relative vorticity (x) serves as a metric of the cyclonic/ anticyclonic circulation, given by:
where u and v stand for the zonal and meridional components of the wind. It permits the cyclonic and anticyclonic wind circulations to be detected and quantified. In order to investigate more in-depth the seasonal variability of the low-level circulation, we calculated the relative wind speed variability G and the wind steadiness S defined in Zecchetto and Biasio (2007) . The relative wind speed variability is defined as the wind gustiness by the ratio between the wind speed standard deviation r U and the mean wind speed U, that is, 
The steadiness is given by
The sums span over time; S ranges from 0 to 100, increasing with the constancy of wind direction. The relative wind speed variability indicates how much the wind speed is changing regardless of the direction, while the steadiness expresses the stability of the direction regardless of the wind speed.
The analysis of seasonal occurrence of cyclones in the region is performed on relative vorticity fields at 850 hPa. The 850 hPa level is adequate for the detection of cyclonic activity due to the limited interaction between the land or sea surface and the atmosphere. The use of relative vorticity has been shown to provide advantages on the detection of cyclones since it is a more representative measure for small and meso-scale phenomena and it permits to capture an event earlier in its life cycle (Hoskins and Hodges 2002) . One drawback on the comparison of cyclonic activity between different datasets is that relative vorticity is dependent on the horizontal resolution. In order to compare datasets of different horizontal resolutions, in several studies (e.g. Hoskins and Hodges 2002) all dataset resolutions have been reduced at the same level and hence the same thresholds of relative vorticity have been applied for the definition of a cyclone. Here, we use the same approach, first we interpolate 850 hPa wind field of all datasets at the 0.75°9 0.75°horizontal resolution of ERA-I and recalculate the relative vorticity. Then, using as a reference the ERA-I reanalysis, we examine the relative vorticity fields of twenty already documented Mediterranean cyclones at their mature stage (Meneguzzo et al. 2000; Romero 2001; Arreola et al. 2002; Tsidulko et al. 2002; Fita et al. 2007; Lagouvardos et al. 2007; Zecchetto et al. 2002; Ziv et al. 2010) . The core of these systems showed values of relative vorticity superior or approximately 8 9 10 -5 s -1 . It is this value that we use as the minimum core value of a cyclonic feature in order to be retained as an event of cyclogenesis in all datasets.
An algorithm has been developed in order to identify each cyclonic feature, at each time step (four time steps per day), for the whole period 1989-2005 and for each dataset. For all datasets, a cyclonic feature is defined by the total of all connected grid points at 850 hPa which exceed the threshold value of 10 -5 s -1 of relative vorticity and exhibit at least one point with a value of 8 9 10
-5 s -1 . The 10 -5 s -1 vorticity threshold is much lower than the 8 9 10
-5 s -1 representative value for the Mediterranean cyclones, but nevertheless adequate to delineate the cyclonic circulation around, and fairly far from, the core and hence depict the cyclone's size. Indeed, even for coarse resolutions of the order of 2.5°9 2.5°, 10 -5 s -1 is a medium value for capturing cyclonic phenomena in the Mediterranean region . Then, from the grid points of each cyclonic feature we extract the minimum mean sea level pressure (MSLP), the maximum wind speed at 10-m and the maximum relative vorticity. An example of the cyclones identification algorithm is presented in the ''Appendix''.
Results
Seasonal cycle of low-level circulation
in the Mediterranean basin in ERA-I and IPSL-CM5 GCM Figure 2 shows the seasonal average of the 10-m wind field relative vorticity for the ERA-I re-analysis and the IPSL-CM5 simulations. The ERA-I re-analysis clearly captures the regional winds associated to cyclogenesis: the tramontane/ Mistral wind system over the Gulf of Lions associated with the Genoa cyclone, the Bora over the Adriatic Sea and the etesian over the Aegean Sea. The seasonal cycle of Etesian is also well captured as the occurrence of the cyclonic circulation over the Aegean Sea presents its maximum during summer. Conversely, IPSL-CM5 GCM is not able to reproduce the regional winds driven by the interaction of the synoptic flow and the orography. Mountain gravity wave breaking and valley channeling which produce strong winds and vorticity banners are absent processes in the IPSL-CM5 simulation due to its coarse resolution which smooths the orography (Fig. 1) . Although the seasonal cycle of the large scale wind field is shown to be fairly similar in ERA-I and IPSL-CM5 simulations, there is a very strong underestimation of the cyclonic/anticyclonic activity over the Mediterranean basin. With the exception of the etesians which are partly reproduced between winter and autumn, there is a complete absence of any signature of the regional winds at fine-scale (Mistral, Bora).
Figures 3 and 4 show for all datasets the wind speed variability G and wind steadiness S. ERA-I presents overall moderate to high G values, from 0.3 to 0.6. Values exceeding 0.5 are present during the whole year over land depicting clearly the mountainous regions, while values smaller than 0.4 are mainly observed during summer over the Aegean Sea and the African continent, clearly associated with the etesian. Additionally, during summer, a local maximum is observed over the Gulf of Lions, attributed to the more erratic occurrence of the summer Mistral with respect to winter Mistral. Satellite observations of 10-m wind over the sea confirm the ERA-I seasonal moderate values of wind speed variability over the Mediterranean Sea, as also the summer local maximum of the Mistral wind and the summer minimum values associated with the etesian (Zecchetto and Biasio 2007) . Compared to ERA-I, the relative wind speed variability from IPSL-CM5 historical runs is too smooth with moderate value between 0.4 and 0.5. The wind speed is thus too stable compared with ERA-I wind variability even though, qualitatively, the highest value of G in the IPSL-CM5 runs also correspond to the highest values in ERA-I. Figure 3 clearly shows that the topography is a strong source of wind variability which is strongly missing in the historical runs. Surprisingly, the highest correspondence between the ERA-I and AOGCM G fields is found in summer in the North-Western Mediterranean with large values of G over the Gulf of Lions and the Adriatic Sea, when the Mistral and Bora are the weakest. However, the IPSL-CM5 fails in representing the large area of very stable wind in the South-Eastern Mediterranean in summer with simulated values around 0.4 versus values of 0.3 in Zecchetto and Biasio (2007) climatology from satellite observations and in ERA-I reanalysis (Fig. 3) .
In Fig. 4 , wind steadiness S from ERA-I is also in good agreement with Zecchetto and Biasio (2007) . Indeed, in autumn and winter, moderate S values ranging between 20 and 40 are found all over the Mediterranean Sea, while in spring, S values increase locally over the Gulf of Lions and close to Cyprus up to 60-70, associated with a stabilization of the wind direction. In summer, values reaching 80 and more are found over Eastern Mediterranean Sea, as also over the Gulf of Lions in the Mistral/tramontane area. Compared to the relative wind speed variability G, wind steadiness S seems to be better captured by the IPSL-CM5. During winter, the wind steadiness field is fairly homogeneous similarly to the ERA-I reanalysis and Zecchetto and Biasio (2007) climatology but the simulated values of S which exceed 60 everywhere are much too strong with respect to ERA-I reanalysis (20 \ S \ 40) and Zecchetto and Biasio (2007) climatology (30 \ S \ 50). These too strong values of S are associated with the strong westerlies produced by the IPSL-CM5 GCM. During summer, the IPSL-CM5 GCM captures to some extent the zonal gradient of S with values ranging between 60 and 80 over the Eastern Mediterranean in the etesian area. In ERA-I and Zecchetto and Biasio (2007) climatology, S exceeds 80. simulation also reproduces fairly well the occurrence of cyclones but the size of the high cyclonic activity region extends even more than in the WRF/ERA-I simulation. However, regarding the absence of any cyclonic activity in the IPSL-CM5 simulation, the production of cyclonic activity, quantitatively consistent with ERA-I reanalysis and with a realistic spatial pattern, highlights the importance of fine scale orography which steers the synoptic flow and produces lee cyclones and associated regional winds. Looking at Fig. 2 , one key feature of the WRF/IPSL-CM5 simulation is that it also reproduces part of some defaults of the large-scale IPSL-CM5 atmospheric circulation. Indeed, during winter and autumn WRF/IPSL-CM5 reproduces the too strong westerly winds of the IPSL-CM5 simulation which affect the whole domain, as well as the persistent anticyclonic circulation over Morocco and Algeria. Downscaling with WRF does not overcome or correct all the defaults of the large scale IPSL-CM5 atmospheric circulations, but provides nevertheless a clear benefit on the wind regional circulation, reproducing the Mistral and Bora winds and a good seasonal variability of the etesians, consistent with ERA-I reanalysis. However in detail, some features of WRF/IPSL-CM5 simulations depart significantly from ERA-I reanalysis and WRF/ERA-I simulations. Indeed, during spring and summer, the Genoa cyclone downstream the Alpine range which produces the northwesterly Mistral wind, is shifted south-westwards thus producing a northeasterly wind over the Gulf of Lions instead. The Genoa cyclone is absent in the IPSL-CM5 simulations because of the poor description of the orography (the Genoa cyclone being produced by the interaction of a front passing over the Alps; Fig. 2 ). The inaccurate location of the Genoa cyclone must thus be attributed to the local response of the large-scale AOGCM atmospheric circulation with the Alpine topography. The WRF/ERA-I fields of relative wind speed variability and steadiness G and S are consistent with ERA-I re-analysis and Zecchetto and Biasio (2007) climatology. For autumn, they are also consistent with Salameh et al. (2010) simulations which were performed using the MM5 numerical model at 21 km resolution and driven by ERA-40 reanalysis between November and December 1998. However, in the coastal and mountainous regions, the value of G increases and its spatial pattern diffuses as for the vorticity. Quantitatively, the large extent of G values exceeding 0.5 in the Gulf of Lions agrees better with Zecchetto and Biasio (2007) climatology than with ERA-I reanalysis. The steadiness pattern from the WRF/ERA-I simulation is also very similar to the ERA-I re-analysis driving WRF and Zecchetto and Biasio (2007) climatology, and much less affected by the downscaling with respect to the relative wind speed variability G. As for the vorticity, the patterns of S and G from WRF/IPSL-CM5 simulations are also in better agreement with ERA-I, Zecchetto and Biasio (2007) and WRF/ERA-I simulations, than the AO IPSL historical runs. However, the largest differences between ERA-I and IPSL-CM5 are not corrected by the downscaling. For instance, during winter, the large tongue of high values of S exceeding 60 in IPSL-CM5 simulations and covering the whole Mediterranean basin is still present in WRF/IPSL-CM5 simulations. It is however slightly shifted southward and displays lower values along the coast of the Balkan peninsula (S * 10) in better agreement with ERA-I reanalysis (S * 30) and Zecchetto and Biasio (2007) 
The WRF model dependency on its large scale forcing
Further insight on the WRF model dependency on its large scale forcing is provided by Figs. 5, 6 and 7, showing the differences between IPSL-CM5 and ERA-I as also between WRF/IPSL-CM5 and WRF/ERA-I, respectively for the fields of relative vorticity, steadiness and wind speed variability. In this section, special attention is given to the main Mediterranean winds: the Bora, the Mistral and the Etisian. Figure 5 shows that IPSL-CM5 has a tendency to underestimate relative vorticity fields all over the Mediterranean region, especially over the regions where the main regional winds blow: over the Adriatic and Ionian seas, where the Bora blows, over the Balearic sea and the gulf of Lions, where the Mistral blows and over the Aegean sea where the Etisian blows. The stronger bias is observed during summer for the Mistral and the Etisian winds. This is an expected result since the winds steering over intense orography is not well represented in IPSL-CM5 due to its coarse horizontal resolution. Steadiness (Fig. 6 ) is shown to be strongly overestimated in winter and spring by IPSL-CM5 while the bias amplitude is underestimated in summer and autumn. It is only for wind speed variability (Fig. 7) that biases are moderate all over the domain except in summer and over the Aegean Sea, where the Etisian shows rather poor wind speed variability in IPSL-CM5. For all three wind characteristics (relative vorticity, steadiness and wind speed variability) the WRF/IPSL-CM5 simulation strikingly preserves and intensifies the same biases as its Dynamical downscaling of IPSL-CM5 CMIP5 2503 large scale forcing, except during autumn when the WRF model does not reproduce all wind characteristics biases over the eastern Mediterranean (Aegean Sea and Cyprus). Concerning the 10-m wind circulation, differences are shown to be strong between the IPSL-CM5 and ERA-I. In winter, the strong zonal component of the IPSL-CM5 is clearly observed all over the region. In spring and summer, although the IPSL-CM5 model seems to reproduce fairly well the meridional circulation, such as the Etesian and the air flow intrusion over the African continent, it still overestimates the zonal component of the winds. The latter is well represented in the differences winds by, their northward direction over the Aegean Sea and over Tunisia. In autumn, differences are at their lowest amplitude all over the Mediterranean region. As for the wind characteristics, the WRF model, forced by IPSL-CM5 and ERA-I, reproduces the same biases on the 10-m wind speed and direction. However, it is clear that the WRF model forced by IPSL-CM5 tends to amplify the biases magnitude.
The conservation of the large scale conditions biases by the WRF model on the 10-m wind field (speed, direction, relative vorticity, steadiness and wind speed variability) shows the fact that the average seasonal circulation reflects the large scale atmospheric conditions. Downscaling with a limited area model as WRF contributes to partly replicate the inaccurate feature of the large-scale field from the IPSL-CM5 GCM, even in the boundary layer where small scales processes and interaction dominate its dynamics. When the large-scale field displays anomalies with respect to reality (here considered provided by the ERA-I reanalysis), the large-scale circulation produced by the RCM will be strongly correlated to the driving large-scale fields. As a result, even though WRF is nudged by the driving large-scale fields (ERA-I and IPSL-CM5 CMIP5 historical runs), Omrani et al. (2011) show that for such a small domain, the control by the boundaries dominates over nudging. The boundary control partly inhibits the non linear processes to modify the large scale field simulated by the RCM. ) differences: (left column) IPSL-CM5 fields minus ERA-I (right column) WRF/ IPSL-CM5 minus WRF/ERA-I whole period 1989-2005. All datasets, but IPSL-CM5, capture the cyclones seasonal cycle. The per-month WRF/ ERA-Interim shows very similar levels of cyclones occurrence with ERA-I, especially in late spring and summer. This is probably due to the fact that the horizontal resolutions of WRF and ERA-I are quite close (50 km and * 80 km, respectively) and second because of the model domain size which is relatively small and thus the simulation is strongly constrained by the boundary conditions. However, differences are observed during winter and autumn, when the occurrence of cyclonic phenomena in the region is at its highest levels, regardless the dataset. Despite the model nudging, these differences can be ascribable to the WRF model characteristics such as its internal variability or the different physics parametrization from ERA-I, but most important, it is the detailed reproduction of small scale cyclogenetic phenomena (such as air flow-mountains interaction). As a result, the WRF model reproduces cyclones which would not be reproduced in the reanalysis or would be poorly developed not attaining the threshold value of 8 9 10 -5 s -1 . The IPSL-CM5 dataset shows no cyclones, while the WRF/IPSL-CM5 simulation reproduces the same seasonal cycle with however weaker levels of occurrence than ERA-I. Applying inferior thresholds of relative vorticity than 8 9 10 -5 s -1 increases the cyclonic phenomena occurrence for both WRF simulations and ERA-I, nevertheless keeping the same seasonal cycle as presented in Fig. 8 . It is for very low threshold values of 4 9 10 -5 s -1 -5 9 10 -5 s -1 that the IPSL-CM5 model has shown some occurrences of cyclonic phenomena (not over passing a total of 50 for the whole 17-year period), while the other datasets showed rather unrealistic number of occurrences (more than a few thousands). For these thresholds, the IPSL-CM5 dataset occurrences, although very few, certainly corresponded to Mediterranean cyclones, while for the other datasets the detected features were mostly associated to intense cyclonic circulations rather than cyclonic phenomena. We also analyzed the interannual cycle (not shown) of cyclones occurrence which did not show a specific trend regardless the dataset. This is a realistic result for a short climatology of 17 years and consistent with the work of Trigo et al. (2000) where it is shown that a well marked cycle would be observed for datasets which extend for more than 40 years.
In order to investigate the spatial distribution of Mediterranean cyclones, Fig. 9 presents for each season and for the whole 17-year period the spatial distribution of cyclones in the region. This is computed by the times that each grid point has been covered by a detected cyclone (see appendix for the definition of a cyclone spatial coverage). The main locations of cyclogenesis in ERA-I are located in the lee side of the Alps (also associated with the Mistral wind), the Adriatic Sea, all over the eastern Mediterranean Sea (notably over the Aegean Sea in winter) and in the region of northwest Africa, at the lee side of the Alps. Our results are consistent with the work of Trigo et al. (2002) who defined the cyclones by local minima of the 1000 hPa geopotential height. The results of the WRF/ERA-Interim simulation on the spatial distribution of cyclonic activity in the region are very close to the ones of ERA-I. However, and in accordance with the occurrences level (Fig. 8) , the same regions are subjected to more cyclones, notably during the colder months of the year. Indeed, regards ERA-I an overestimation of cyclonic activity is observed in the central Mediterranean during winter and autumn as also in the lee side of the Atlas Mountain during spring. The WRF/IPSL-CM5 simulation captures the same spatial distribution of cyclones as in ERA-I, with however fewer occurrences (as also shown in Fig. 8) . A clear benefit is thus revealed from the use of WRF to simulate small to mesoscale weather phenomena, such as the Mediterranean cyclones. Indeed, such features are reproduced by the WRF model even though they are quasi absent in the large scale forcing of IPSL-CM5. This comes in contradiction with the average low-level atmospheric circulation results presented in Sect. 3.2. Figures 5, 6 and 7 show that in the interior of its domain, the WRF model reproduces the average atmospheric circulation of its large scale forcing. As a result, one could expect that the absence of cyclones in the IPSL-CM5 model would be also true for the WRF/IPSL-CM5 simulation. On the contrary, we show that the Mediterranean cyclones are reproduced by dynamical downscaling both in terms of special and temporal variability (Figs. 8, 9 , respectively).
Assessment of the cyclones physical characteristics
In order to assess the physical characteristics of the Mediterranean cyclones, as reproduced by the WRF model, Fig. 10 presents the seasonal Probability Density Function (PDF) of minimum MSLP, maximum 10-m wind speed and maximum relative vorticity for all identified cyclones in the Mediterranean region during the whole 17-year period. Concerning the 850 hPa maximum relative vorticity, both WRF simulations present PDFs which are very close to the one of ERA-I, regardless the season. Concerning the maximum 10-m wind speed, the PDF form of WRF/IPSL-CM5 is retained in winter and spring, showing however stronger values during spring. In summer and autumn, the WRF/IPSL-CM5 PDFs show different structures than ERA-I and WRF/ERA-I. In summer, the maximum wind speed spectra between 10 and 17 m s -1 is quasi equally distributed at the level of 15 %, while most cyclones for ERA-I and WRF/ERA-I present maximum wind speed from 10 to 12 m s -1 . Finally, MSLP PDF is well reproduced by both WRF simulations with an exception in spring, when most cyclones in WRF/IPSL-CM5 present lower pressures than ERA-I and WRF/ERA-I attaining the level of 980 hPa at the most extremes. Figure 11 shows for each dataset and for the whole 17-year period: (1) the seasonal cycle of occurrence of cyclones and (2) the average seasonal level of the cyclones physical characteristics, as detected in the whole region and as detected within the three main cyclogenetic regions depicted by boxes in Fig. 8 . Concerning the seasonal cycle of cyclogenesis occurrence in the three regions (first column of Fig. 11 ), the WRF/ERA-I model shows a rather good performance being well correlated with ERA-I cycle and presenting similar levels for all three regions. In average, the WRF/IPSL-CM5 reproduces fairly well the seasonal cycle of occurrence in all three regions with however some defaults. In the central Mediterranean (Gulf of Lions and the Adriatic Sea), the peak of cyclogenesis is observed 3 months earlier (in September instead of November), retaining the same level as in ERA-I. In the eastern Mediterranean and in northern Africa, the seasonal cycle is well reproduced. However the first region presents higher levels of occurrence in autumn and winter, while the second presents weaker levels in summer.
Concerning the qualitative characteristics of the detected cyclones in the three regions, both WRF simulations seem to perform fairly well with limited differences from the ERA-I reanalyses. Some significant underestimations are observed on the cyclones minimum MSLP value in the central and eastern Mediterranean, respectively during winter and spring. The seasonal cycle of relative vorticity at 850 hPa is similar for all datasets. In all three regions, there is no well marked seasonal cycle expect for the eastern Mediterranean, where a minima is observed during summer. Finally, the WRF model follows the maximum 10-m wind speed seasonal cycle for all datasets, however it tends to overestimate the wind speeds by 2-6 m s -1 , regardless its forcing dataset, probably due to the better reproduction of the interaction between the air flow and the mountains (e.g. canalization effects).
Discussion
In this study we evaluate the potential added value of dynamical downscaling for simulating cyclonic activity in the Mediterranean region and its contribution to the regional climate. This study makes use of the WRF numerical model as RCM, driven by ERA-I reanalysis (0.75°9 0.75°longitude/latitude resolution) and the historical runs performed with the IPSL-CM5 in the context of CMIP5 (3.75°9 1.875°longitude/latitude resolution). ) and (third row) minimum mean sea level pressure (bin width is 3 hPa). The PDFs concern the total of detected cyclones in the 17-year climatology over the whole Mediterranean region
The use of ERA-I reanalysis can be seen here both as a reference dataset and a way to best evaluate and quantify the internal variability of the RCM used for downscaling in the framework of the CORDEX exercise ; this latter point is not discussed in this study). In our study, the ERA-I reanalysis can indeed be considered as a reference dataset as it reproduces accurately the cyclonic activity in the Mediterranean region, quantified by the relative vorticity at 850 hPa and the associated regional winds circulation like Mistral, tramontane, Bora and etesians among others. In our context, it is also a reference dataset since it agrees both in spatial variability and in module with Zecchetto and Biasio (2007) climatology built from 4 years of 10-m wind speed retrievals over the sea from NASA QuickSCAT scatterometer. So, downscaling ERA-I reanalysis with WRF performed with a grid resolution of 50 km is not expected to produce significant additional fine scale variability. However, the results have shown that the relative vorticity and wind variability fields from WRF/ERA-I simulation display larger magnitude around coastal and mountainous regions than in ERA-I reanalysis. Hence, it is clear that dynamical downscaling is of paramount importance for the representation of atmospheric circulation in regional and local scales, where interactions with topography and other surface heterogeneities may alter the investigated dynamics. It is noteworthy that the 5-year climatology analyzed in Zecchetto and Biasio (2007) is much shorter than our 17-year dataset, but still our results are in good agreement with theirs. This comes as no surprise since the comparison is qualitative on the whole domain and based on the seasonal cycle of winds circulation-which is quite constant throughout the years-and not on some annual averages that may be subjected to climate trends. Indeed, a comparison made over 2000-2004 also shows very similar results (not shown).
When considering IPSL-CM5 atmospheric fields, the underestimation of the cyclonic activity in the most cyclogenetic region of the world jeopardizes our ability to investigate in-depth the Mediterranean regional climate, its variability and trend in the context of global change. The use of WRF to downscale the IPSL-CM5 atmospheric fields clearly shows the added value of such technique but also highlights some limitations. One major limitation is that WRF replicates the inaccurate large-scale circulation produced by the IPSL-CM5 GCM without any adding value provided by the downscaling technique at these large scales. This is due to the use of a limited area model as RCM for dynamical downscaling purpose. Indeed, the size of the Mediterranean domain is rather small for climate studies (few Rossby deformation radii) and so the RCM is strongly controlled at its boundary by the large-scale field. Omrani et al. (2011) show that using a small domain size for regional climate modeling is equivalent to nudge or relax the large-scale atmospheric circulation simulated with the WRF towards the IPSL-CM5 large-scale field. In the situation where the large-scale driving fields are ''perfect'', this is a clear advantage since the small-scale features are produced consistently with the large-scale field that produces these small-scale features in the RCM. The attribution of the WRF/IPSL-CM5 defaults is a tricky task. The too small horizontal resolution ratio between ERA-I (reference) and WRF/ERA-I does not allow concluding that for ''perfect'' boundary conditions, ''perfect'' downscaling is performed. However, a preliminary analysis of the most significant discrepancies of the IPSL-CM5 simulations can help in understanding part of the main defaults of WRF/IPSL-CM5 simulation. Indeed, the Mediterranean region during summer is particularly sensitive and responsive to the Indian monsoon and in particular to the low pressure systems developing over Iran and Pakistan, to the east of the WRF simulations domain. Such pressure lows develop at the onset of the Indian monsoon and prevail during summer affecting the Eastern Mediterranean basin (Reddaway and Bigg 1996) . The LMDz model, which is the atmospheric component of the IPSL-CM5 used in the CMIP5 exercise, reproduces this synoptic scale feature with however important differences with respect to ERA-I reanalysis (Flaounas et al. 2011 ). The pressure lows may be shifted westward producing a low-level cyclonic circulation over the Eastern Mediterranean (Fig. 2 for summer season) , enhanced after downscaling with WRF. The westward shift of the low pressure system over the Eastern Mediterranean basin may directly affect the circulation over the Western Mediterranean by moving slightly westward the Genoa cyclone which controls the Mistral circulation.
One major advantage of the RCM is that it includes the surface forcing (topography, surface heteorogeneities) at fine scale, necessary to produce realistic small scale features. In our case, the good representation of the major Mediterranean massifs and the coastline allow the production of lee cyclogenesis and the associated orographic wind systems, whatever the quality of the large-scale circulation provided at the RCM's boundaries by the IPSL-GCM. So despite the quasi-absence of cyclonic activity and regional small scale wind systems in the IPSL-CM5 simulation, and despite the significant discrepancies of the large-scale circulation regarding ERA-I reanalysis, the fields of relative vorticity field, wind speed variability and wind steadiness from WRF/ IPSL-CM5 simulation display a spatial pattern and a magnitude very comparable to the ERA-I reanalysis, WRF/ERA-I simulation and Zecchetto and Biasio (2007) climatology. On the other hand, the seasonal cycle of cyclogenesis occurrence in WRF/IPSL-CM5 might be underestimated by as much as 50 %, regards to the reanalysis, while in the interior of the WRF domain the model tends to reproduce and even to amplify the biases of IPSL-CM5 on the different characteristics of the winds dynamics (steadiness, relative vorticity and wind speed variability). Despite these uncertainties, the importance of the orographic forcing in the region implies that regional modeling is a necessity for climate research, at least for studies on wind dynamics and impacts (such as windstorms and cyclogenesis associated to Mediterranean cyclogenesis, Aeolian energy production, air quality etc.). However, it is noteworthy that for such studies and given the uncertainties that may arise from the use of dynamical downscaling, the use of regional modeling ensembles should be considered especially in the context of future scenarios when no observations are available.
Summary and perspectives
This study demonstrates the benefits of dynamical downscaling to simulate as accurately as possible the cyclonic activity in the Mediterranean region and the formation of the associated regional winds which contribute significantly to the regional climate by producing intense air/sea interactions that govern the thermohaline circulation of the Mediterranean Sea and contributes to moisture and energy supply to heavy precipitating systems.
We present a first attempt to evaluate the benefit of dynamical downscaling for specific aspect of the Mediterranean climate. It is a key issue addressed in both the CORDEX (and MED-CORDEX its Mediterranean declination) and the HyMeX international programs. At this stage, only one AOGCM and RCM have been used preventing any quantification of the uncertainty of these results. However, our results confirm more theoretical work which have been published in the past, giving us some confidence on the robustness of these results.
Natural follow-up is to investigate the use an ensemble of simulations to quantify the spread of the downscaled simulations of the CMIP5 historical run. This will be done by performing atmosphere only simulations with WRF using different resolutions (50 and 20 km), different physical parameterizations and ocean/atmosphere coupled simulations using the MORCE plateform with WRF and NEMO as atmosphere and ocean models (Drobinski et al. 2011b ). These simulations are on-going. A multi-model approach will also be used, which will be conducted in the frame of the MED-CORDEX and HyMeX programs. Preliminary results with the ERA-I reanalysis are presented in Ruti et al. (2012) . Finally, the IPSL-CM5 was also run at intermediate resolution of 2.5°9 1.25°longitude/latitude resolution. The impact of a smaller resolution ratio between the driving AOGCM and the RCM will thus be explored. This methodology will be duplicated for the regional climate projections in anthropogenic scenarios. Downscaling will be performed on the CMIP5 simulations run for the RCP4.5 and 8.5 scenarios (RCP standing for representative concentration pathways), consistently with the CORDEX requirements.
Finally, the cyclones identification pattern used in this study and presented in the appendix will be further developed to a complete identification-tracking tool which will be used for the study of the climatology of cyclones and other atmospheric features (such as stratospheric air intrusions and mesoscale convective systems).
In this appendix we present the functionality of the algorithm of cyclones detection we developed for this study. Figure 12a shows the 850 hPa wind field and relative vorticity of a strong cyclone, detected over the Adriatic Sea on January 1995. The algorithm will detect all cyclonic features in the domain, i.e. all the coloured ''traces'' in Fig. 12a , which correspond to values of relative vorticity above the threshold value of 10 -5 s -1 . However, only the ''traces'' which present values above 8 9 10
-5 s -1 will be ) and 850 hPa wind circulation b grid points (red crosses) corresponding to the identified cyclonic feature with maximum relative vorticity above 8 9 10
-5 s -1 c as in a but for mean sea level pressure, black crosses represent the cyclone grid points d as in a but for the module of the 10-m wind speed, black crosses represent the cyclone grid points retained and will be identified as a cyclone. In this time step there is only one such cyclonic feature. This cyclonic feature shows a maximum value of 14.6 9 10 -5 s -1 (its location is depicted by the arrow in Fig. 12a ). Then, in order to determine the cyclones representative surface and center we connect all of the ''trace'' grid points and calculate their average longitude and latitude (center is depicted by the arrow in Fig. 12b) . Finally, within the limits of the cyclone's representative surface, we detect its minimum MSLP (depicted by the arrow in Fig. 12c ) of the cyclone and its maximum 10-m wind speed (depicted by the arrow in Fig. 12d ).
